The duckweed Spirodela oligorrhiza was cultured at both pH 5 and 7·2 in sterile nutrient solutions containing 75Se -labelled selenite or selenate. At both pH values, selenite was absorbed and assimilated about three times more readily than selenate_ Colloidal selenium-75 at pH 7·2 was also investigated and found to be metabolized to a considerable extent. The labelling patterns observed were very similar for all three inorganic forms of selenium, with a predominance of selenomethionine incorporated into proteins.
INTRODUCTION
Several studies have been made of the availability to higher plants of inorganic forms of selenium present in the soil (Hamilton and Beath 1963a , 1963b Rosenfeld and Beath 1964; Grant 1965) , but interpretation of the differences in availability is difficult in such a complex system. It is not possible in soil-plant systems to distinguish between soil adsorption phenomena and the relative importance of selective uptake of the different forms by plants. Adsorption of selenite on to the ferrous hydroxide normally present in many acid soils has been reported to be a limiting factor in the availability of selenium to plants (Watkinson 1962) . On the other hand, in alkaline soils selenate appears to be more readily available (Lakin 1961; Rosenfeld and Beath 1964) . Microbiological interconversion of the inorganic forms also complicates interpretation.
In order to study the availability of known forms of selenium to plants, uncomplicated by other factors, it is necessary to use sterile nutrient media of defined composition. In the experiments reported here, the duckweed Spirodela oligorrhiza Kurtz (Lemnaceae) was cultured in sterile media and the uptake and assimilation of 75Se-Iabelled selenite and selenate, and of colloidal elemental selenium-75 studied. The pH was maintained at either 5 or 7·2 in order to test the relative uptake of selenate and selenite and relate the results to field observations. S. oligorrhiza, an aquatic monocotyledon, was chosen as the experimental plant because it is small and easily manipulated under aseptic conditions and can be readily grown in sterile clonal cultures (Hillman 1961) .
II. METHODS (a) 75Se Preparation and Assay
To avoid metal-selenite interactions, all manipulations of 75Se were carried out using glass vessels and micropipettes and glass-distilled water (Peterson and Butler 1962a) .
High specific activity 75Se (68,000 mcjg Se) was obtained from Oak Ridge National Laboratory, U.S.A., as selenious acid in IN HCI. For use as [75Se]selenite, a suitable amount of the stock solution was diluted with sterile water before addition to each of the sterile cultures. The small amount of HCI added to the cultures had no detectable effect on the pH.
To prepare [75Se]selenate, labelled selenite was first dried under a stream of air to remove all traces of HCI and then oxidized with 30% H 20 2 at 60°C for 1 hr. Samples were dried, fresh peroxide added, and the sequence of operations repeated five times. The purity of the selenate preparations is given in Table 1 . After final drying and dissolving in water, radioactive selenate was filtered through a sterilized Millipore filter (pore size 100 mfL) and added to the cultures at the same concentration as the selenite.
Colloidal elemental selenium-75 was prepared by slow reduction over a period of 2 hr of neutralized [75Se ]selenite using ascorbic acid as reductant. It was purified from selenite and ascorbic acid by retention on a Sephadex G25 column [coarse bead form, sterilized before use with Zephiran (Bayer Ltd.)]. The colloid was washed with sufficient sterile water to elute all traces of selenite from the column. The Sephadex was extruded from the column under sterile conditions and the colloid gently shaken off into sterile water. Aliquots were added to cultures. Radioactive determinations with a standard error of ±3% were carried out using a scintillation probe, as described earlier (Peterson and Butler 1962a) . Onedimensional chromatograms and high-voltage electrophoretograms were scanned automatically using the scintillation probe, rate-meter, and recorder (Peterson and Butler 1962a) . Radioautographs were also made for superposition tests with amino acids, detected with ninhydrin reagent.
(b) Growth of Plants
Sterile S. oligorrhiza plants were kindly supplied by Dr. E. G. Bollard, Fruit
Research Division, DSIR, Auckland, and cultivated in conical flasks (50 ml containing 10 ml nutrient medium) in a controlled-environment cabinet (12 hr light period, 2000 f.c., 24°C). The nutrient medium had the following composition: KN03 0·002M, K2HP04 O·OOlM, NH4N03 0·002M, (NH4)2S04 0·003M, MgS04 0·002M, Ca(N03)2 0·002M, glucose 1 %. Trace elements were added as recommended by Hoagland and Arnon (1939) , except for iron, which was added as the EDTA complex (Street, McGonagle, and McGregor 1952) at a concentration of 3 p.p.m. Fe.
For the pH 7·2 experiments, I-ml aliquots of the various forms of 75Se were added in quadruplicate to flasks containing 17 -day-old cultures derived from single plants. The plants were grown for 4 more days and then harvested. The pH was held at 7·2 by excess solid CaC03 (50 mg).
In view of the very close agreement obtained within treatments in the pH 7 ·2 experiment (Table 2) using the clonal plant material, only one flask was used for each of the selenite and selenate treatments at pH 5. The availability of colloidal elemental selenium was not tested at this latter pH. Since the culture medium had weak buffering capacity, adjustment of pH to 5 was necessary twice daily. As the presence of a calomel electrode continuously in this nutrient solution resulted in toxic effects to the plants within a few days, a twin-chamber vessel was used (Fig. 1 grown in 10 ml nutrient medium in a 50-ml flask and were retained in this flask by a glass sinter. The electrodes and a burette containing sterile KOH were sealed into the second flask, into which medium was drained for pH adjustment. Each colony was started from a single plant, grown for 5 days before addition of 75Se, and cultured for a further 4 days before harvesting. The amounts (microcuries) of 75Se-compounds used per flask in the experiments at pH 5 and 7 ·2 were: Although the specific activities were different in the experiments at pH 5 and 7·2, the same amount of selenium was added in each experiment. Colloidal selenium was an exception, being supplied at one-third of this level.
(c) Extraction and Identification of Selenium Compound8
Immediately before harvesting, the media were sampled and checked for sterility in nutrient broth (Difco).
The plants were lifted out with glass spoons, washed with water, and extracted three times with 25 ml boiling 80% (vjv) aqueous ethanol for 10 min, followed by two extractions with 30 ml boiling water. The aqueous extracts and plant residues were freeze-dried and the ethanol extracts were concentrated in a rotary film evaporator. The concentrated samples were dissolved in a minimum volume of water and further concentrated where required under a stream of nitrogen.
Identification oflabelled compounds was made by comparison of the distribution of radioactivity in various chromatographic systems (Peterson and Butler 1962b) and in high-voltage electrophoretograms (Peterson and Butler 1966a) , using authentic reference seleno-amino acids obtained from CalBiochem Ltd. For more rigid identification of selenomethionine, recrystallization from 80% (vjv) aqueous ethanol was carried out to constant specific activity.
The optimum sequence for separations was found to be a series of one-dimensional steps. High-voltage electrophoresis at pH 5·3 was used to separate rapidly selenite and selenate from the amino acids, and to separate the latter into basic, neutral, and acidic groups. These were eluted and subjected to electrophoresis separately at pH 2 ,0. Further identifications were made by elution and chromatography in n-butanol-acetic acid-water and other solvent systems.
The extracted plant residues were examined for protein-bound seleno-amino acids, using the proteolytic preparation Pronase obtained from CalBiochem Ltd. (Nomoto, Narahashi, and Murakami 1960) . Finely divided material (20 mg) was shaken for 40 hr with 10 mg Pronase contained in 2 ml phosphate buffer (O'OlM, pH 7 ,4) containing 100 fLg chloramphenicol. Samples were filtered and then re-incubated with Pronase. The filtrates were freeze-dried and subjected to chromatographic and electrophoretic separations. All treatments were examined in duplicate. Pronase digestion was superior to the trypsin-chymotrypsin treatments previously used (Peterson and Butler 1962a) in completely hydrolysing the 75Se-proteins to give seleno-amino acids. Enzymatic hydrolysis was necessary because degradation of the seleno-amino acids occurs during acid hydrolysis (Tuve and Williams 1961) .
The residual radioactivity remaining after Pronase hydrolyses was examined by treatment with ribonuclease (type lA, Sigma Chemical Co.) carried out as previously described (Peterson and Butler 1962a) , cellulase (type 1, Sigma Chemical Co.) following the method of Reese and Mandels (1963) , and finally bromine water at room temperature (Peterson and Butler 1962a) .
III. RESULTS
The sterility checks showed that no microbial growth occurred on nutrient broth. In addition, the S. oligorrhiza culture solutions were clear at the end of the
growth period. In both experiments, the growth of the plants did not appear to be affected by the 0 ·16 p.g radioactive selenium added to each flask in the various treatments. In the pH 5 experiment, pH fluctuations between re-adjustments were greater as plant numbers increased, the lowest pH reached being 3 ·3. However, the growth rate as assessed by plant numbers was unaffected. In the experiment at pH 7·2, the presence of excess calcium carbonate maintained a constant pH.
The proportions of selenate and selenite in the culture solutions at the beginning and end of the experiments were examined electrophoretic ally and chromatographically and these are summarized in Table 1 . Because different batches of stock [75Se]selenite were used, the solutions were of greater purity in the pH 5 experiment than in the pH 7·2 experiment. In both experiments, the proportion of selenate * Determined by high-voltage electrophoresis at pH 5·3.
t Refers to material remaining at point of sample application and tailing from this point.
remaining in the culture solutions of the selenate treatments was high. With the selenite treatments, it will be seen that the proportion of selenate increased during the experiment. This increase resulted in part from preferential absorption of selenite and also from partial oxidation of selenite to selenate (as can be calculated from Tables 1 and 2) . Table 2 shows the distribution of selenium-75 in various fractions and the total absorbed for each treatment. It will be seen that at both pH 5 and 7·2 selenite was absorbed approximately three times more readily than selenate. At both pH's the residue after extraction contained the major part of the absorbed selenium when selenite was administered. In the case of selenate, the ethanol-soluble fraction and the residual fraction were of approximately equal importance. Contrary to expectation, colloidal seleniuIll was metabolized to a similar extent.
The percentage distribution of 75Se in compounds present in the ethanol and aqueous extracts of S. oligorrhiza from the various treatments is shown in Tables 3  and 4 . The most conspicuous feature was seen in the selenate treatments, where high concentrations of unchanged selenate were observed, particularly at pH 7·2. Subsequent to ethanol extraction, a considerable quantity of selenite was extracted into the aqueous fraction. In the selenium treatment, the absorbed 75Se was converted to selenate, selenite, and seleno-amino acids. Selenocysteine seleninic acid, selenocysteic acid, and unidentified oxidation products were always in excess of selenomethionine and its oxide. The immobile material, which was higher in the aqueous than the alcohol extracts, is thought to be mainly elemental selenium, arising at least in part
from decomposition during extraction. The unidentified material at R F 0 . 9 comprised a larger proportion at pH 7·2 in the selenite treatment than elsewhere. * Rp O· 9 when chromatographed using the solvent n-butanol-acetic acid-water.
The amounts of 75Se solubilized by treatment of the extracted residues with Pronase are shown in Table 5_ In all cases, the Pronase treatments released the major portions of the radiocativity. Negligible radioactivity was brought into solution by subsequent treatments with ribonuclease and cellulase. The remainder, however, dissolved in bromine water and was presumably inorganic. The relatively large percentage of residual activity shown in the colloidal selenium treatment (Table 5) could have resulted from adsorption of colloid on the plants. Pronase digests were chromatographed in four solvent systems and subjected to high-voltage electrophoresis at pH 2. Radioautographs were prepared and distribution of radioactivity on rate-meter tracings was also determined. In all cases, selenomethionine and selenomethionine selenoxide contained 89-94 % of the total radioactivity. Selenocystine, selenocysteic acid, and selenocysteine seleninic acid together accounted for 4-8%. The relative proportions of these compounds is in contrast to that for aqueous and ethanolic extracts. A small amount of the material was immobile (1-4%) and an unidentified compound (RF 0·9 in n-butanol-acetic acid-water) accounted for less than 1 %. The oxidation products of selenomethionine and selenocystine are considered to be artefacts, since standard material gives rise to these during chromatography.
Selenomethionine from the Pronase digests was further identified by the addition of 20 mg of authentic carrier selenomethionine to radioactive material which had been purified by chromatography and electrophoresis.
Recrystallization from aqueous ethanol to constant specific activity was achieved, as the following tabulation indicates: In the past, comparisons have often been made of the uptake of selenate and sulphate by plants (Rosenfeld and Beath 1964) , but the possible role of selenite has, until recently, been less widely appreciated. This appears to have been partly because of a misleading analogy with the relative instability of sulphite and partly because of the possibility that selenite would react with sulphydryl groups non-enzymatically (Klug and Petersen 1949; Petersen 1951) . Selenite has thus often been regarded as an unnatural form in biological systems. In more recent work, the natural occurrence of iron-bound selenite as the predominant form of selenium in neutral or acid soils has been recognized (Lakin 1961; Watkinson 1962) so that experiments on the utilization of selenite ion by plants are of importance.
Studies of the uptake of selenite by pasture species and wheat grown in nonsterile culture solutions have been reported previously (Peterson and Butler 1962a) . The major conclusion from the work reported in the present paper is that S. oligorrhiza in sterile culture absorbs and metabolizes selenite more readily than selenate at both pH 5 and pH 7·2. It would appear that in these experiments the reduction of selenate to selenite is the rate-limiting step in the metabolism of selenate. The reduction of sulphate is believed to proceed through adenosine-5'-phosphosulphate and 3'-phosphoadenosine-5'-phosphosulphate to sulphite (Wilson 1962) . In view of an apparent absence of 3'-phosphoadenosine-5'-phosphoselenate in tissues, Nissen and Benson (1964) have suggested that the reduction of selenate may be through adenosine-5'-phosphoselenate directly to selenite. This might be expected to be a relatively inefficient pathway in view of the energy changes involved.
Culturing S. oligorrhiza at either pH 5 or 7 ·2 resulted in no significant differences in the uptake and assimilation of selenate or selenite. Pot and field trials have often shown selenate to be more available to plants than selenite, particularly in alkaline soils (Lakin 1961; Rosenfeld and Beath 1964) . The greater availability of selenite in the present experiments and the observed pH independence are therefore of interest. Although S. oligorrhiza is a small aquatic plant, it is a monocotyledon and the results obtained using this species may be of general significance.
The utilization of elemental selenium at pH 7·2 by S. oligorrhiza cannot be interpreted unequivocally. It is possible that a portion of the colloid was oxidized to selenite atmospherically before utilization by the plant. Alternatively, since macromolecules and some colloids can be absorbed by the root systems of plants (McLaren, Jensen, and Jacobson 1960) , selenium may be oxidized enzymatically within the plants. Utilization of elemental selenium in these experiments contrasts strongly with the poor utilization by three pasture species of colloidal selenium mixed with soil (Peterson and Butler 1966b) .
With all treatments, the similarities observed in assimilation patterns would suggest that the same pathways were involved. In the soluble fractions, selenocystine and oxidation products predominated, whereas in the Pronase digests selenomethionine and its oxide predominated. The preponderance of protein-bound selenomethionine could to some extent be explained by instability of selenocysteine released by Pronase, possibly giving rise to the residual radioactivity in the Pronasedigested residues. The ratio of cystine to methionine in the bulk protein of S. oligorrhiza was not determined; in the soluble fraction, however, cysteine (estimated as cysteic acid) was present in comparable amounts to methionine. Enzymatic discrimination against incorporation of selenocysteine into proteins may also be operative.
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